A new method is proposed where small tilts can be measured with high accuracy even in the presence of a lateral shift. For this purpose the speckling of the object, an optically rough surface, is recorded in the Fourier plane before and after a tilt. By illuminating the developed plate with a laser, fringes with spacings inversely proportional to the tilt angle can be observed.
Introduction
The holographic techniques to study small threedimensional movements were analysed extensively by many scientists the last few years and a few references will be given only [l-l] .
Methods of applying speckling for the measurement of in-plane translations were also investigated recently by a number of authors [5-131. In the present work, speckling is applied to mea: sure tilts occurring in the presence of other movements, very accurately. With the holographic methods [l-4] , the analysis of tilts in the presence of lateral movements, for instance, is rather complicated and the determination of the adequate plane of localisaticn of the interference fringes is usually not very accurate. These problems do not occur by the application of speckling to the study of three-dimensional movements and in addition no reference wave is needed. The method to be proposed will therefore be a very useful engineering tool.
In the present method two or more practically identical speckle patterns of the optically rough object surface, before and after the tilts, are recorded in the Fourier plane of the object. Illuminating the developed photographic plate with a laser beam yields the Young interference fringes with a spacing inversely proportional to the tilt angle. A brief theory supported by experimental data will be given.
Study of the fringes obtained from the speckle patterns recorded in the Fourier plane of the object
We assume that the smallest tilt to be measured induces a shift of the speckles in the Fourier plane at least as large as the smallest speckle dimension, which is inversely porportional to the lateral size of the object field [ 14-171. It was shown [5- 131 that by recording two identical but shifted speckle patterns by double exposure in the image plane, for instance, Young's fringes are obtained in its Fraunhofer plane, when illuminated with coherent light. Their spacing is inversely proportional to the lateral shift of the speckle pattern. In deriving the appropriate equations use has been made of the fact, that a lateral shift in the object-or image plane, respectively, yields a phase factor proportional to the shift in the Fourier domain, which is commonly realized in the rear focal plane of a lens with focal length fi. The novel feature of the experiments reported here is, that the shift in the plane where the speckling is recorded is due to a tilt in another plane. 
From the width A[' of the cosine fringes obtained in the Fourier plane of the coherently illuminated developed photographic plate the tilt in the object is found to be
where.f and fi are the focal lengths of the lens systems used to perform the Fourier transform from the object and photographic plate respectively. In addition the cosine fringes are multiplied by the square of the autocorrelation of the object field.
Fii. 2. Photographs of the fringes obtained from an Al-plate (@ = 45") for (a) doubly exposed speckle pattern with a tilt of 7E = 90" introduced between the exposures; (b) two doubly exposed speckle pattern with tilts of yYF = 60" in the plane of ,a and rn = 60" perpendicular to it for the third exposure.
Some experimental results obtained are displayed in fig. 2 for tilts introduced in the plane of /3 ( fig. 1) The intensity Fi-,(x)12 + &(@I2 is recorded on a photographic plate which is Ndeveloped and then illuand perpendicular to it and a close agreement beminated with coherent light, tween the experimental results and the theory was
In the Fourier plane of the plate we obtain by neachieved.
glecting all the constants The approach was then extended to multiply exposed speckle patterns where N tilts were introduced between the (iV + 1) exposures ( fig. 3) .
Double exposure with two beam illumination
In a further brief study the analysis for two illuminating plane waves incident at the angles P1 and P2 to the perpendicular of the object will be considered. The Fourier transforms obtained are similar to those of the previous section but for two beam illumination, namely before the tilt q)(x) = "1 [x -(sin Pl)l.Xl + a2 [x -~~W~)~il (4) and after the tilt For /I1 = f p2 the same results as for one beam illumination are obtained.
There is a close agreement between the theoretical results and the experiments. In fig. 4 we see the ex-274 perimental results for a two beam illumination of the object and with the speckling recorded in the Fourier plane for 0, f Oz. Tilts were introduced in two directions perpendicular to each other. The modulation of the fringe pattern is clearly visible. The experimental details will be given in the next section. From expression (7) the tilt can be calculated from the separation of the interference fringes A$.
Experimental procedure
For our applications a He-Ne laser of 18 mW power and a wavelangth of h= 632,8 mn was used as a light source. For convenience, the Agfa-Gevaert Scientia 8E75 plates were chosen for the registration of the speckles. Exposure times of a few seconds were necessary. No special care needed to be taken in order to obtain fringes of good contrast. A jig was designed to introduce known tilts into the object illuminated by one or two plane waves. For comparison, the tilts introduced were measured very accurately by autocollimation. It should be noted that the axis of rotation need not coincide with the object surface under test. The additional lateral shift introduced in this way had practically no effects on the tilt fringes observed. The developed photographic plate was illuminated by a converging spherical wave from the He-Ne laser and the fringes displayed and photographed in the focal plane. The bright spot in the center is due to the urr diffracted light. Fringes could also be seen in white light. Typical results are shown on the photographs where the doubly or multiply exposed speckle patterns were recorded in the Fourier plane of the object. Fringes of good contrast were obtained ( fig. 2a ) from a single tilt (yc; = 7 in fig. 1 ) and equidistant fringes perpendicular to each other from tilts rE and 7, introduced in turn ( fig. 2b) (rE IT,) .
A familiar picture is obtained by N + 1 multiple exposures with N equal tilts between them as from a set of N + 1 identical equidistant pinholes of equal transmission. In between the main maxima, there occur N -1 almost equally spaced intermediate maxima considerably weaker than the main ones [ 131. The multiple beam fringes become sharper when the number of equal tilts is increased and at the same time the number of intermediate maxima increases. A typical example is shown in fig. 3 , where 7 exposures were introduced with 6 equal tilts between them.
Applying two plane waves to illuminate the object at different angles leads to the additional modulation of the interference fringes due to the tilt as shown in fig. 4 (where the till angles yg IT,) .
A vey good linear'\elationship was obtained between the inverse of the frinke spacing and the tilt angle introduced ( fig. 5 ) (for a given angle of incidence). In fig. 6 (1 t cos 0) is plotted as function of K/At' for different incidence angles keeping y constant (60"). Although the equipment for this experiment.was not very sophisticated, an agreement of better than 4 percent with the theory was achieved for the angles investigated, but a further study may be useful. The results obtained did not seem to depend much on the roughness of the object, but its scale should be fine enough to spread the light over an adequate area in the Fourier plane. We observed a slight decrease in contrast for a coarse surface roughness (very coarse ground glass). If the light is multiply scattered, for example by translucend surfaces, the speckle pattern becomes non-correlated and no fringes are visible.
